Abstract Recent analyses have shown that there is a large excess of perfect inverted repeats in many prokaryotic genomes but not in eukaryotic ones. This difference could be due to a genuine difference between prokaryotes and eukaryotes or to differences in the methods and types of data analyzed -full genome versus protein coding sequences. We used simulations to show that the method used previously tends to underestimate the expected number of inverted repeats. However, this bias is not large and cannot explain the excess of inverted repeats observed in real data. In contrast, our method is unbiased. When both methods are applied to bacterial protein coding sequences they both detect an excess of inverted repeats, which is much lower than previously reported in whole prokaryotic genomes. This suggests that the reported large excess of inverted repeats is due to repeats found in intergenic regions. These repeats could be due to transcription factor binding sites, or other types of repetitive DNA, on opposite strands of the DNA sequence. In contrast, the smaller, but significant, excess of inverted repeats that we report in protein coding sequences may be due to sequence-directed mutagenesis (SDM). SDM is a process where one copy of a small, imperfect, inverted repeat corrects the other copy via strand misalignment, resulting in a perfect repeat and a series of mutations. We show by simulation that even very low levels of SDM, relative to the rate of point mutation, can generate a substantial excess of inverted repeats.
Introduction
DNA repeats are known to be involved in several mutagenic processes. For example, the variation in copy number of short sequence DNA repeats, which is related to the virulence of many pathogenic bacteria (Hood et al. 1996) , is caused by slippage of the enzymatic machinery during DNA replication (van Belkum et al. 1998 ). Direct and inverted DNA repeats can also form secondary structures when DNA is single stranded, which can lead to insertions, deletions, rearrangements, or sequence changes of the DNA. For example, in human cultured cells deletion of a 122-bp inverted repeat appears to be induced by the presence of 6-bp direct repeats which flank the sequence (Kramer et al. 1996) . Recombination might also play an important role in repeat-related mutagenesis. Either homologous recombination (gene conversion) or illegitimate recombination (Chuzhanova et al. 2003 ) can cause sequence altering or DNA rearrangements. A specific repeat-related mutagenic process which does not involve recombination but is facilitated by the secondary structure of single-strand DNA is sequence-directed mutagenesis. This is a process by which two imperfect inverted repeats correct each other to form two perfect repeats and a set of mutations. This process was originally discovered in the T4 lysozyme gene (Streisinger et al. 1966) , in which spontaneous frameshift mutations appeared to be associated with DNA repeats (Okada et al. 1972) . This led to the suggestion that repeated sequences mediated mutations by allowing local misalignments of the complementary strands of DNA. Sequence-directed mutagenesis has been observed in a variety of organisms such as E. coli (Halliday and Glickman 1991; Rosche et al. 1997 ) and yeast (Ripley and Shoemaker 1982) . Blisser (1998) has also suggested that several human diseases might be caused by this process including fragile X, osteogenesis imperfecta, muscular dystrophy, and familial hypertension. However, the evidence for this is not strong, as we have shown elsewhere (Ladoukakis and Eyre-Walker 2007) ; there is very little evidence that sequence-directed mutagenesis occurs in eukaryotes generally.
In contrast to the situation in eukaryotes, there does appear to be widespread evidence of sequence-directed mutagenesis in prokaryotes. In a survey of 106 prokaryotic genomes, van Noort et al. (2003) showed that perfect inverted repeats were significantly more common than one would expect by chance; in some bacteria, repeats were nearly twice as common as one might expect. This led to the suggestion that sequence-directed mutagenesis was frequent and important.
Here we set out to investigate, first, whether the high excess of perfect inverted repeats previously reported in prokaryotes is due to a problem with the approach used or whether the excess is real. We show that the method is mildly biased, but we also confirm that there is a genuine excess of inverted repeats, though the excess is not as great as van Noort et al. (2003) report. Second, we quantify the rate of sequence-directed mutagenesis that is required to generate the excess of repeats found in prokaryotic genomes using computer simulations. We find that very low rates of sequence-directed mutagenesis can generate the observed levels of repeats.
Materials and Methods

Data Used
We downloaded the genes from 183 fully sequenced and annotated prokaryotic genomes from the NCBI database (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). We had downloaded all genomes of the database in October 2005. We used one genome per bacterial ''species'' to avoid redundancy. We used genes longer than 2000 bp and we restricted the analysis to the coding part of the genes because we wanted to avoid the inverted repeats which might have been due to transposable elements or generated by spontaneous duplications of small DNA sequences. We restricted our analysis to long protein coding sequences to ensure that there was sufficient sequence to allow proper randomization. Of the 183 prokaryotic genomes, we excluded all genomes that had fewer than 10 genes [2000 bp, which left 159 prokaryotic genomes (see Appendix). The number of large genes per genome ranged from 11 (Nostoc sp. plasmid) to 655 (Rhodopirellula baltica) genes, with a median of 132.
In every gene we counted the number of inverted repeats, setting two criteria: (i) the length of the repeats should be 6, 7, 8, or 9 bp; and (ii) the length of DNA between the two copies should be B50 bp. Every repeat was assigned to a length class (i.e., 6mers, 7mers, 8mers, and 9mers) when its length fit the specific length class exactly. For example, the 7mers included only repeats of 7 bp, not repeats of 8 bp, which would, of course, include two overlapping 7mers. Length classes and the length of the DNA between the copies of the repeats were based on previous studies (Fieldhouse and Golding 1991; van Noort et al. 2003; Ladoukakis and EyreWalker 2007) .
We define an imperfect repeat as an inverted repeat that differs by a single nucleotide excluding the terminal base pairs; e.g., for the 7mers a difference could occur at only one of the five internal nucleotides of the repeat, and not at the first or the last nucleotide. Deletions and insertions were not taken into account.
Perfect and imperfect repeats were counted in actual and randomized sequences. We calculated 95% confidence intervals of the observed/expected ratio using bootstrapping by gene within a genome (Ladoukakis and EyreWalker 2007) .
Randomization Methods
We used three different methods of randomization to estimate the number of inverted repeats expected by chance alone. First, we randomized the sequences preserving the dinucleotide composition of the sequence. This method is widely used for analysis of prokaryotic genomes (Lillo et al. 2002; van Noort et al. 2003) and is based on the observation that nucleotide composition (Fleischmann et al. 1995) and dinucleotide composition is relatively homogeneous over the entire bacterial chromosome (Karlin et al. 1997 ) (but see Kerr et al. [1997] for a notable exception). Second, we randomized the sequences preserving the amino acid order and codon usage by swapping synonymous codons. Finally, we randomized the sequences by only swapping the synonymous codons that were followed by the same nucleotide (e.g., CAC.G could be swapped with CAT.G but not with CAT.C). This randomization pattern, as we have explained elsewhere (Ladoukakis and Eyre-Walker 2007) , takes into account neighboring nucleotide effects, which can increase the probability of observing perfect repeats. With the last two randomization methods, we take into account the fact that some inverted repeats might be overrepresented because specific amino acid combinations are favored by natural selection.
Simulations
We ran two sets of simulations. The first set was run to evaluate the three methods of randomization. The simulated sequences were 3000-bp-long protein coding sequences. The amino acid composition of each sequence was random but there was codon bias toward a specific G+C content. We simulated 11 sets of sequences. Each set had 1000 sequences and its sequences had the same G+C content at synonymous sites, ranging between 0% and 100% in increments of 10% (0, 10, 20,…, 100%).
The second simulation analysis was run to estimate how the excess of perfect repeats depended on the relative rates of sequence-directed mutagenesis and point mutation. We simulated a single 3000-bp protein coding sequence with random amino acid composition. Each generation this sequence was subjected to point mutation and sequence-directed mutagenesis. In all simulations the rate of point mutation, u, was set at 0.001 per nucleotide per generation and the rate of sequence-directed mutagenesis was varied. If the mutation introduced by either process changed an amino acid, it was rejected with a probability of 0.97. This probability was chosen to reflect the very high level of constraint which is typically observed in bacteria; e.g., the average ratio of nonsynonymous-to-synonymous substitutions (dN/dS) between Escherichia coli and Salmonella enterica is about 0.05 (Clark et al. 1999; Charlseworth and Eyre-Walker 2006) . Sequence-directed mutagenesis was applied in the following manner. We first determined the expected number of sequence-directed mutagenesis mutations which would occur in our sequence given the mutation rate; for example, if the rate of sequence-directed mutagenesis mutation was 0.0001, we would on average introduce 0.3 of a sequence-directed mutagenesis mutation each generation (i.e., 3000 bp 9 0.0001 = 0.3). We generated a random Poisson deviate with a mean of 0.3 to give us the number of sequence-directed mutagenesis mutations in that generation. If this was C1, we randomly chose a 7-bp oligo from within the 3000-bp sequence. We then searched 50 bp upstream and downstream of the oligo for an imperfect inverted repeat which differed from the oligo by 1 bp. If this imperfect repeat was found, we corrected this oligo to be identical to the target oligo, thus inducing a sequence-directed mutagenesis mutation. If an imperfect repeat was not found, another target oligo was randomly chosen from the protein-coding sequence and the process repeated until the required number of sequence-directed mutagenesis events had been introduced in that generation. The sequence was allowed to equilibrate for 1/u generations before being sampled every 1/u generations until 1000 samples had been taken. At each sampling point we calculated the number of 7-bp perfect and imperfect repeats within 50 bp. We also applied the three randomization methods.
Results
Investigation of the Randomization Methods
To test whether there is an excess of inverted repeats we need to know how many inverted repeats we expect by chance alone; this expectation is estimated by randomizing the sequences but there are several ways in which this may be done. van Noort et al. (2003) randomized the entire genome sequence preserving the frequencies of dinucleotides, but this can be biased if the base composition varies between sites in a systematic fashion. We have proposed, alternatively, that one might randomize protein coding sequences by shuffling synonymous codons either with or without reference to the next nucleotide in the sequence. To investigate the relative merits of these three methods we simulated the evolution of a protein coding sequences that was subject to point mutation, but no sequence-directed mutagenesis. We allow there to be base composition bias at the third codon position.
As expected, randomization of the sequence keeping the dinucleotide composition constant is biased; the method tends to underestimate the expected number of inverted repeats (Fig. 1) . However, the effect is small compared to the excess of repeats found in real sequences (Fig. 2) . In contrast randomizing synonymous codons is unbiased.
Excess of Inverted Repeats in Prokaryotic Genomes
We used our unbiased method of randomization to investigate the excess of perfect inverted repeats in a large set of prokaryotic genomes. In total, 159 genomes were analyzed, which included genomes analyzed in previous studies (van Noort et al. 2003) . We tested for an excess of four length classes of repeats; 6mers, 7mers, 8mers, and 9mers. Here we present the summation of the four classes because each individual class did not give different results. We found J Mol Evol (2008) 67:291-300 293 that most prokaryotic genomes show an excess of perfect repeats, although in most cases the excess is quite small, much smaller than previously reported (van Noort et al. 2003) (Fig. 2a) . To compare different randomization methods in real data, we also used dinucleotide randomization to estimate the expected number of inverted repeats in our protein coding sequence collection. We observed an increase in the ratio of observed to expected inverted repeats (Fig. 2b) in accordance with the simulation results (see previous paragraph). Based on our unbiased randomization method, the biggest excess of inverted repeats we observed when repeats of all lengths were considered together was 20%, which was in a plasmid of Nostoc sp. In contrast, the excess that van Noort et al. (2003) observed in some prokaryotic genomes was close to 100%. In all, 102 of the 159 prokaryotic genomes that we analyzed had a significant excess of perfect repeats and 8 genomes had a significant deficit, when we considered all repeats together. The biggest deficit of repeats was 10.5% in (Synechocystis sp.); in the other cases it was lower than 5.6 %.
Simulations of Sequence-Directed Mutagenesis vs. Point Mutations
Although there is a significant excess of inverted repeats, it is not immediately apparent whether this is due to a high or a low rate of sequence-directed mutagenesis. To investigate this we ran another set of simulations in which sequences were subjected to both sequence-directed mutagenesis and point mutations; point mutations will tend to eliminate perfect inverted repeats and sequence-directed mutagenesis will tend to generate them. We kept the rate of point mutation constant (mutation rate, 0.001) and we applied three different sequence-directed mutagenesis rates, 0.0001, 0.00001, and 0.000001, which are 10, 100, and 1000 times lower than the rate of point mutation, respectively. Surprisingly, even when the level of sequencedirected mutagenesis was 100 times lower than the rate of point mutation, the number of imperfect repeats was much higher than expected in randomized sequences (Table 1 and Appendix). Thus, very low levels of sequence-directed mutagenesis can induce a substantial excess of inverted repeats.
Discussion
Theoretical studies suggest that sequence-directed mutagenesis could be an important source of perfect inverted repeats in genomes (Fieldhouse and Golding 1991) . This process has been observed in individual loci in a variety of organisms, ranging from T4 virus (Okada et al. 1972; Streisinger et al. 1966 ) to bacteria (Halliday and Glickman 1991) . Recently, two studies investigated the impact of sequence-directed mutagenesis in the formation of short inverted repeats on a genomic scale. The first study looked at 106 prokaryotic genomes (bacteria and archaea) and reported a high excess of perfect inverted repeats, which was attributed to sequence-directed mutagenesis (van Noort et al. 2003) . On the other hand, Ladoukakis and Eyre-Walker (2007) examined protein coding genes from five eukaryotic genomes and found very little excess of inverted repeats. This contradictory result could be due to three reasons. First, one of the two methodologies might be biased. Second, there might be other sources of small inverted repeats that were not taken into account because the two studies used different genomic sequences (the first used whole genomes and the second used protein coding sequences). Third, there might be a real difference between prokaryotic and eukaryotic genomes. To investigate these issues we have performed here an analysis of prokaryotic coding sequences. We find that there is an excess of perfect inverted repeats in prokaryotic DNA using methods identical to those used in eukaryotes. This suggests that there is a fundamental difference between prokaryotes and eukaryotes in the frequency of inverted repeats. However, van Noort et al. (2003) found a much larger excess of repeats than we found in this study. This could be due to differences in methodology or differences in the data used. We have shown that the method employed by van Noort et al. (2003) is biased; it tends to overestimate the number of perfect repeats relative to random expectations when there is strong base composition bias, as we find in genomes such as Mycoplasma (G+C content of 25%) or Micrococcus (G+C content of 75%) (Lawrence and Ochman 1997) . However, the bias in their method is not large, not nearly large enough to explain why van Noort et al. (2003) found a much larger excess of repeats than we did. Furthermore, we find a rather similar excess of inverted repeats when we use their methodology on our protein coding sequences. It therefore seems likely that the reason for the difference between the two studies is due to the data used. van Noort et al. (2003) used complete genomes, whereas we only used protein coding sequences; it therefore seems that many of the perfect repeats they found were in intergenic DNA. This is not unexpected since bacterial genomes are known to contain transposable elements which are rich in inverted repeats (Kleckner 1981) . Furthermore, transcription factor binding sites on opposite strands of the DNA could also generate an excess of inverted repeats, and it has been shown that short inverted repeats are preferentially located in noncoding DNA, close to the 3 0 end of the nearest coding region (Lillo et al. 2002) and are involved in important biological processes, such as regulation of transcription and translation (Blatt et al. 1993; Raghunathan et al. 1991) , genome rearrangements (Bi and Liu 1996) , and genome instability (Achaz et al. 2002) .
Most interestingly we show that the excess of repeats, which we found in the coding sequences we surveyed, could be due to very low levels of sequence-directed mutagenesis. Sequence-directed mutagenesis can be several orders of magnitude lower than the rate of point mutation and still produce an excess of perfect inverted repeats. It therefore seems that while sequence-directed mutagenesis may have altered the pattern of DNA sequences, it does not generally generate many mutations.
Acknowledgments E.L. was funded by a Marie Curie fellowship, A.E.-W. was funded by the National Evolutionary Synthesis Center and the Biotechnology and Biological Sciences Research Council. 
